Uncertain parameters in the transient analysis of pipe networks lead to uncertain responses. Typical uncertainties are nodal demand, pipe friction coefficient and wave speed, which not only are imprecise in nature but also change significantly over time. Exploiting the fuzzy set theory and a simple scheme of the simulated annealing method, a conceptual model is developed. It can take into account the uncertainties of conventional transient analysis. This model helps designers of pipe systems in finding out the extent to which uncertainties in the inputs can spread to the transient highest and lowest pressures. A real piping system is analyzed herein as the case study. The results show that the transient extreme pressures can be highly affected by the uncertainties.
INTRODUCTION
In designing a new pipe network or assessing an existing one, transient analysis is often required. In this regard, the most important criterion needs to be fulfilled is relation to the pressure variations in the system. The highest and lowest pressures are checked at critical locations to be within permissible limits. For a safe design, recognizing the most severe transient flow in the system is a major concern for engineers. A transient condition is initiated from a disturbance in the governing steady state flow. In water supply networks, sudden changes in water demands, operation of valves and pumps are the most common events that generate a transient flow. Many references and manuals can be In that work, the valve maneuver considered as the transient excitation in the network was optimized for a severe enough transient for the cited purpose.
Besides the above issues, this work aims to open a new discussion that can also be important to responses of a transient analysis. It is related to the problem uncertainties that frequently appear in simulating all physical phenomena.
Through hydraulic modeling of a piping system, it is easy to identify some imprecise parameters for which there is not enough information with a sensible degree of reliability.
For instance, the pipe friction factor is inherently imprecise since it is a function of pipe roughness and flow specifications both of which change over time and make all estimations more uncertain. Another example is the nodal demands. It is quite impossible to determine specific design water demands since they are continuously fluctuating through users' consumption habits. The pipe diameter and wall thickness may also be uncertain since they are constantly exposed to erosion and sedimentation. These cases introduce uncertainties to the results of both steady and unsteady flows. However, one of the most uncertain characteristics in transients is the pressure wave speed of pipes.
This crucial parameter is a function of other uncertainties like pipe diameter, wall thickness, module of elasticity, fluid specifications and support constraints. 
in which the crisp quantities are: x ¼ distance along pipe; 
Method of solution
Equations (1) and (2) over the results. The key tool in handling the imprecise data in this work is the fuzzy sets theory which is briefly described as follows. Afterwards, the proposed analysis method is introduced.
Fuzzy sets theory
The basic concept of fuzzy theory is inferred from the fuzzy sets which may also be referred to as fuzzy numbers. A fuzzy number N is a set defined on a universe of real numbers 
The convexity condition indicates that two arbitrary α-and α 0 -cut intervals satisfy the flowing relation
which means that N α is a subset of N α0 .
The real advantage of the fuzzy approach is to translate the qualitative available information into the mathematical language. As a result, it provides a tool to quantitatively process the imprecise data given as qualitative information.
According to the conditions described for the membership functions, two types of function are often utilized: Using a limited number of α-cuts, the continuous membership functions of uncertainties are so discretized that for each α-cut, an interval is obtained. At each cut, the problem is treated as a normal transient analysis such that the input variables f, a and q can adopt any value from their relevant intervals. Obviously, each combination of f and a for pipes and q for nodes results in a specific response. In this study, the responses of interest are the maximum and minimum pressure heads at each node i, denoted by P max,i and P min,I , respectively. At each α-cut, all the model input parameters except the fuzzy ones are considered to be crisp.
The responses are then:
where C 1,i and C 2,i are the objective functions related to node i. In order to find the corresponding intervals for P max,i and P min,i at a certain α-cut, the pressures indicated by Equations (5) and (6) are treated as optimization objective functions in which the decision variables are the fuzzy f, a and q. Accordingly, to find the bound of variation of P max,i and P min,i due to the uncertainties, two optimization problems must be solved for each of (5) and (6) at each α-cut. These problems consist of maximizing and minimizing both P max,i and P min,i with respect to the fuzzy variable intervals. As a result, to find the aforementioned unknown intervals for each node i in the network, the optimization solver, SA in this case, is called four times.
Through each optimization, the SA searches in the fuzzy intervals as the decision space to find the critical combinations of f, a and q that makes the objective functions (5) and (6) 
Optimization technique
In the proposed approach, a mathematical programming problem is formed. The objective functions (5) and (6) The energy of the state of the two solutions at hand is evaluated using the objective function based on which the new state is then selected. If the new solution has a better fitness, the procedure is moved there otherwise it may be moved with a probability depending on the current temperature and the difference in fitness. In fact, a solution has the chance of being accepted if it is slightly worse than the previous state or if the temperature is very high. This helps the SA not to be trapped in local was developed herein to solve the problems.
CASE STUDY
To investigate the effects of uncertainties on the results of a transient analysis and how the proposed model works, the following example was used. The case study is based on Baghmalek water distribution network, a city in southwest of Iran (Figure 4 ). The network consists of 37 steel pipes, one of which (numbered 37) transmits water to a new area which is constructed for a specific purpose in the northeast of the system. The network also has 28 nodes while a reservoir at node 1 gravitationally feeds the system. There is a valve immediately at the upstream of node 2 on pipe 37
that regulates the flow discharged to the new area.
Consider that with the exception of pipe 37, the rest of the system is about 15 years old and the operators are mostly aware of the network components and of the way to operate them safely. However, when pipe 37 was later constructed to serve the new area with a 76.7 l s À1 flow rate, the client raised a concern. The operator was curious to know what happens to the system when the regulating valve located at the downstream end of pipe 37 is maneuvered. For this purpose, a scenario was defined so that the valve is rapidly closed in consumptions q c in this scenario, together with the nodal elevations have been reported in Table 1 . Furthermore, Table 2 shows the most likely quantities of the friction factor, f c , and wave speed, a c , of pipes estimated based on the design time information and the engineering judgments made by the operators. In the notation, index c indicates the crisp values defined for each parameter.
As can be seen, the quantities of the nodal demands, the wave speed and friction factor of pipes are not precise in this problem. In fact, they include uncertainty in their input data, thus the problem needs to be solved using the developed fuzzy approach. To this end, the aforementioned uncertain- Figure 3 , the network specifications are introduced to the transient solver assuming that all the parameters are initially crisp. Then, three α-cuts are taken into account including α 1 ¼ 0 (the support), α 2 ¼ 0.5 and α 3 ¼ 1 (the crisp). Then, at each α-cut and for each node, using a two-loop calculation the corresponding uncertainties for P min and P max are obtained. 
SUMMARY AND CONCLUSIONS
In the hydraulic design of pipe systems, there are some decisive criteria related to the results of transient analysis that should be closely observed. Nevertheless, these results are extremely subject to change due to the system uncertainties. Actually, in a transient flow analysis, it is inevitable to face with imprecise input data including dissolved gas and pipe-wall thickness were not considered in this work. These effects, sometimes, can hardly be fully eliminated in reality and need to be quantitatively studied likewise to see how important each one is in a system.
